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Lenalidomide results in a durable complete remission in acute myeloid leukemia accompanied by persistence of somatic mutations and a T-cell infiltrate in the bone marrow
Mechanisms of in vivo AML response and resistance to chemotherapy remain poorly characterized. To determine whether response to lenalidomide might share features with response to other forms of chemotherapy, we applied immunohistochemistry and gene panel sequencing to serial samples from a patient with a remarkable 21 month clinical response. Unlike other forms of chemotherapy, lenalidomide response was not associated with transition through an aplastic phase, but was accompanied by a CD8 + T-cell infiltration in the bone marrow (BM). However, like cytarabine and decitabine responses, we observed differential sensitivity within one subclone and resistance within another subclone, suggesting that important determinants of lenalidomide-sensitivity may be cell intrinsic. These findings could be recapitulated in a small series of additional lenalidomide treated patients, although larger patient cohorts will be required to determine the precise mechanistic differences between subclones that are sensitive to lenalidomide and those that are resistant to lenalidomide.
Lenalidomide has been shown to induce complete remissions in patients with AML.
1-3 A wide range of mechanisms have been proposed, including direct effects on AML blasts, 4 anti-angiogenic properties, altered signal transduction, immunomodulatory effects that affect cytokine production, T-cell activation, and augmentation of NK cell function. 5 To better understand mechanisms of lenalidomide response, we carefully examined the response of the patient with the longest morphologic complete remission in our study.
Patient S058-034 was a 76-year-old female who presented with cytopenias (white blood cell count 3.6x10 3 /µL, hemoglobin 6.7 g/dL, platelets 21x10 3 /µL) and 16% circulating myeloblasts in the peripheral blood (PB 
E F G induction lenalidomide (50 mg PO daily for 28 days) on a clinical protocol (clinicaltrials.gov identifier 00546897).
Leukemia blasts rapidly cleared from her PB, and a day 15 BM biopsy revealed a morphologic leukemia free state (MLFS) with 70% cellularity, confirmed at day 28 with a normal karyotype, and at day 61 her PB neutrophil count normalized (absolute neutrophil count: 1,558/µL). The patient was then treated with twelve cycles of low dose lenalidomide (10 mg/day PO on days 1-28 of 28-day cycles). She remained in CRi for 21 months, which was confirmed by BM biopsies performed at 2, 6, 9, and 12 months. During this period, the patient had persistent thrombocytopenia (platelets 14-90x10 3 /µL) and anemia (Hgb 8.2-12.4 g/dL) attributed to ongoing lenalidomide therapy, and the lenalidomide was discontinued after 12 months of therapy per protocol. She remained in remission for an additional 9 months, and then had an extramedullary relapse involving the scalp. A concurrent BM biopsy revealed 90% cellularity with multilineage dysplasia and no excess blasts. She was reinitiated on 10 mg/day of lenalidomide, but experienced disease progression with circulating peripheral blood blasts and was transitioned to palliative care.
Like other patients achieving response to lenalidomide on this study, 1 this patient did not experience a period of BM aplasia, suggesting that the mechanism of action of high-dose lenalidomide is not direct myeloablation. In this patient, clearance of blasts on day 15 was followed haematologica 2018; 103:e271 CASE REPORTS 
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by an unusual lymphoid infiltrate on day 30 (41% lymphocytes by morphologic review). Immunohistochemistry studies were performed on the BM core biopsy, which revealed an increased number of CD3 + T cells with a decreased CD4 to CD8 ratio (30% CD4 + , 70% CD8 + quantified by IHC), and the CD8 + T cells co-expressed TIA-1 and granzyme B suggesting activated, cytotoxic effector cells ( Figure 1A-D) . The CD8 + bias in BM T cells persisted for 12 months, although the proportion of BM lymphocytes normalized. T-cell receptor gamma (TCGR) gene rearrangement studies on day 348 showed a population of T cells with a clonal TCR, but on a subsequent BM 2 weeks later was no clonal TCR population was detected. This marked, persistent T-cell infiltration in the BM raises the possibility that a T-cell mediated immune response may have contributed to this patient's blast clearance and CRi.
The patient's mutation profile was assessed at eight separate time points using a previously described methodology and 264 gene panel. 6, 7 Ten somatic variants were detected at one or more time points (8 single nucleotide variants, one dinucleotide variant, and one deletion, Figure 2A-C) . Six variants formed a founding clone that persisted throughout treatment (TET2, RAD21, SRSF2, XIRP1, KIF2B, ITPR3). Three variants formed a subclone that was eliminated by lenalidomide (GATA1, KIF2B, NUP98). One variant was associated with a subclone that expanded during lenalidomide treatment (KRAS G12R) (Figure 2A-C) .
Two important themes emerged from this single case. First, lenalidomide-associated morphologic responses are not associated with complete clearance of driver mutations. Instead, blast clearance correlated with elimination of the GATA1 subclone, while the founding clone variants persisted during prolonged morphologic remission. Secondly, response and resistance to lenalidomide may be cell intrinsic, since differential sensitivity was observed between the GATA1 subclone (sensitive, Figure  2B ) and the KRAS subclone (resistant, Figure 2C ).
Serial BM samples were available for sequencing from 5 additional cases of AML patients treated with lenalidomide, who also had provided written, informed consent for genome sequencing via a secondary banking protocol (only this subset of patients had adequate samples for analysis and had provided adequate consent for genomic analysis). These additional cases were examined to determine whether these features were common to lenalidomide responders (2 with morphologic complete remission and 3 with stable disease). Case S046-025 achieved a CRc that also was associated with blast clearance followed by a lymphocyte infiltrate with increased granzyme B + CD8 + T-cells, the persistence of the founding clone, and elimination of a subclone ( Figure 2D-E) . Case S063-035 maintained stable disease, but this was associated with a transient blast decrease, a wave of CD3 + /CD8 -T-cell infiltration, and then subsequent expansion of a FLT3 mutated subclone. The other three cases were all associated with stable clonal architecture (Online Supplementary Figure S1) .
Five of the cases had clinically-available MHC I haplotype characterization. Using pVACseq, 8 we found that in three of these cases, somatic variants created tumor-specific neoepitopes with high-quality predicted binding (IC50 < 500 nM, mutant IC 50 > wild-type IC 50 ) to patientspecific MHC class I complexes (Online Supplementary  Table S4 ). In one case, S046-025 ( Figure 2F ) the variants with predicted neo-epitopes were eliminated during lenalidomide treatment, suggesting the possibility of subclone-specific immunologic response. Samples necessary to adequately evaluate for functional T-cell responses to these neo-epitopes were not available.
Collectively, this small case series, focused on a remarkable responder who achieved and maintained remission for 21 months with single agent lenalidomide, demonstrates three main findings. First, lenalidomide response was not associated with an aplastic phase, but was associated with an infiltration of activated CD8 + T cells into the BM, suggesting that immune stimulation and surveillance may play an important role in response determination. Secondly, founding clone mutations may persist during morphologic remission. We have previously observed similar findings following cytarabine-based therapy, 7 which suggests that both forms of therapy may eliminate clones that emerged late during leukemic development, but may permit the persistence of clones that emerged early during clonal evolution. Finally, we observed evidence of differential therapy-sensitivity among subclones derived from the same founding clone, which we have also observed in patients treated with cytarabine 7,9 and decitabine, 10 suggesting that important determinants of response to all three forms of chemotherapy is cell intrinsic. Similar findings have been recently observed in patients with non-del(5q) transfusion-dependent low/intermediate-1 MDS on low dose (10 mg) lenalidomide.
11 Additional studies will be required to better understand the differential sensitivity and resistance that may occur within different subclones. 
